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Molecular Analysis of Gene Expression in the
Developing Pontocerebellar Projection System
synaptic connections. Most of these differentiation
steps are controlled by specific gene expression pro-
grams, such as cell fate decisions that lead to the initial
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for the study of neuronal differentiation, as it consistsJapan
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logically and molecularly well characterized. GranuleThe Walter and Eliza Hall Institute
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an analysis of their differentiation program, from their
initial specification to the acquisition of synaptic speci-
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Granule neurons are generated in the first postnatal
week from proliferating granule cell precursors (GCPs)As an approach toward understanding the molecu-
in the external granule layer (EGL) of the cerebellum.lar mechanisms of neuronal differentiation, we uti-
Terminally differentiated cells migrate inward to formlized DNA microarrays to elucidate global patterns of
the internal granular layer (IGL). Mature granule cellsgene expression during pontocerebellar development.
extend multiple short dendrites that receive synapticThrough this analysis, we identified groups of genes
input from mossy fiber afferents and Golgi cells, whereasspecific to neuronal precursor cells, associated with
granule cell axons (the parallel fibers of the cerebellum)axon outgrowth, and regulated in response to contact
synapse on distal dendritic spines of Purkinje cells. Thewith synaptic target cells. In the cerebellum, we identi-
development of both granule and Purkinje cells is greatlyfied a phase of granule cell differentiation that is inde-
affected by bidirectional cell-cell interactions betweenpendent of interactions with other cerebellar cell
these two cell types (Baptista et al., 1994; Wechsler-types. Analysis of pontine gene expression revealed
Reya and Scott, 1999). This is also apparent in naturallythat distinct programs of gene expression, correlated
occurring mouse mutants in which degeneration of onewith axon outgrowth and synapse formation, can be
cell type frequently affects the other. For example, indecoupled and are likely influenced by different cells
weaver (wv) mice, granule cells die in the EGL, resultingin the cerebellar target environment. Our approach
in strongly reduced numbers of mature granule cells inprovides insight into the genetic programs underlying
the IGL (Heintz and Zoghbi, 2000; Sotelo, 1990). This in
the differentiation of specific cell types in the ponto-
turn results in defects in Purkinje cell development and
cerebellar projection system. aberrant morphologies of Purkinje cell dendrites (Rakic
and Sidman, 1973a; Salinas et al., 1994). In heterozygous
Introduction Lurcher (Lc/) mice, a dominant-active mutation causes
Purkinje cell death, and subsequently, a dramatic loss
A fundamental aspect of nervous system development of granule cells is observed (Caddy and Biscoe, 1979).
is the generation of diverse cell and tissue types that As an approach toward understanding the molecular
assemble into a synaptic network. Successive develop- mechanisms of neuronal differentiation in the pontoce-
mental programs control the specification and prolifera- rebellar system, we utilized DNA microarrays to dis-
tion of individual neuronal types, cell migration, axon sect—on a global scale—the complexity of gene expres-
extension, and ultimately the formation of functional sion patterns during development. In the cerebellum,
we identified specific patterns of gene expression repre-
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York, New York 10032. Transcript profiling of cerebellar tissue from weaver and
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Lurcher mice further allowed us to identify and verify
gene expression changes that are granule cell depen-
dent. Significantly, analysis of purified granule cell popu-
lations enabled us to demonstrate that the terminal dif-
ferentiation of granule cells can occur independent of
interactions with other cell types in the cerebellum.
To understand the transcriptional events leading up
to synapse formation in presynaptic neurons, we studied
gene expression in the pontine nuclei—the source of
mossy fiber afferents, which form synapses with cere-
bellar granule cells. A combination of temporal profiling
and mutant analysis identified genes and gene expres-
sion patterns correlated with two phases of pontine neu-
ron differentiation: axon outgrowth and synapse forma-
tion. A comparison of pontine gene expression profiles
in the Lurcher, weaver, and wild-type genetic back-
grounds indicates that specific cellular constituents in
the target environment of the cerebellum elicit distinct
transcriptional responses in the presynaptic pontine
neurons. These observations provide evidence for the
hypothesis that presynaptic neurons respond transcrip-
tionally to cues encountered both during synapse forma- Figure 1. Expression Profiling of Cerebellar Granule Cells
tion as well as during the phases of axon outgrowth and (A) Time course of gene expression during postnatal cerebellar de-
velopment. Graph shows ratio (log2) of gene expression relative totargeting.
the initial time point (P0) as a function of time in postnatal days.
Math1 (triangles), cyclin D2 (squares), and GABA 6 subunit (dia-
Results monds) are shown. Cb, cerebellum.
(B) Time course of gene expression during culture of cerebellar
Analysis of Granule Cell Differentiation granule cells. Graph shows ratio (log2) of gene expression relative
to initial time point (1 day in culture) as a function of time in daysby Expression Profiling
in culture. Granule cells were purified from P6 cerebellum. CGC,The goal of this study is to gain insight into the genetic
cultured cerebellar granule cells.programs underlying neural development in the pontoc-
(C) Expression profiles of genes known to be expressed in mature
erebellar projection system through a large-scale analy- granule neurons (black diamonds) and granule cell precursors and/
sis of gene expression. We reasoned that this infor- or proliferating cells (gray squares) during cerebellum development.
mation would not only provide a molecular archive The genes whose expression profiles are shown are noted in Table
1. Graph shows ratio (log2) of gene expression relative to the initialrepresenting different aspects of differentiation, but
time point (P0) as a function of time in postnatal days.would further identify candidate genes that could be
(D) Expression profiles of genes known to be expressed in maturetested later for possible roles in neuronal function and
granule neurons (black diamonds) and granule cell precursors and/
maturation. Moreover, through various experimental or proliferating cells (gray squares) during culture of cerebellar gran-
manipulations, it should be possible to use global pat- ule cells. The genes whose expression profiles are shown are noted
terns of gene expression to illuminate the factors and in Table 1. Graph shows ratio (log2) of gene expression relative to
initial time point (1 day in culture) as a function of time in days incell-cell interactions responsible for inducing or main-
culture. Granule cells were purified from P6 cerebellum.taining different stages of differentiation. With these is-
sues in mind, we used the maturation of cerebellar gran-
ule cells as a model system for elucidating programs of Cerebellar tissue was collected for RNA isolation at
3 day intervals, beginning at birth (postnatal day 0, P0)gene expression in a differentiating neuronal lineage. To
determine the genetic program associated with granule and continuing for 21 days (P21, eight time points in
total). For microarray hybridization, we compared thecell maturation, a series of time course experiments
were performed using cDNA microarrays. The differenti- RNA sample at each time point to a common reference,
which was a pool of RNA from all the time points. Weation of cerebellar granule cells occurs synchronously
over a 3 week period during which granule cells undergo then normalized the data to the first time point by sub-
tracting the measurement for each gene at P0 from eachdistinct phases of development. We used three sources
of RNA to monitor gene expression patterns of cerebel- time point.
Known marker genes for individual stages of granulelar granule cells during development. First, we analyzed
all transcripts represented in the whole cerebellum. cell development showed differential regulation as pre-
viously demonstrated by other techniques (Figure 1A).Granule neurons are the principal neuronal component
of the cerebellum; therefore, the majority of the RNA is Math1, an early marker expressed during the specifica-
tion of granule cell precursors (GCPs), is downregulatedderived from granule cells. Second, we analyzed gene
expression in granule cells that were purified and main- around P10 (Ben-Arie et al., 1997). Cyclin D2, a marker
of proliferating GCPs (Ross et al., 1996), is upregulatedtained in culture for various times to allow differentiation
of the cells in vitro. Third, we analyzed transcripts from after birth and then decreases dramatically, whereas
expression of the GABA receptor 6 subunit (GABA 6),granule cells harvested immediately after purification
(i.e., not cultured in vitro) from cerebella at various post- a marker of mature granule neurons in the IGL (Kato,
1990), increases over the first 3 weeks (Figure 1A).natal ages.
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In order to analyze gene expression in granule cells
that are differentiating in isolation, we performed a sec-
ond time course experiment with RNA derived from cul-
tured cells. Granule cells purified from P6 cerebellum
were maintained in vitro for 1–8 days, followed by RNA
isolation and microarray analysis. GABA6 was strongly
upregulated after 2 days in vitro, and cyclin D2 was
consistently downregulated (Figure 1B). Math1 expres-
sion remained at a constant low level, which is expected,
as these cells were isolated from P6 cerebella, a devel-
opmental time point where math1 levels are already
strongly reduced in vivo (Figure 1A). We also analyzed
gene expression in purified granule cell preparations
obtained from animals of various ages that were not
cultured in vitro but were used directly for RNA isola-
tions. In these acutely purified cell preparations, math1
and cyclin D2 levels remained high, even when cells
were isolated from animals as old as P15 (data not
Figure 2. Hierarchical Clustering of Genes with Similar Expressionshown). This indicates that the purification procedure
Profiles during Cerebellum Developmentstrongly selects for GCPs, whereas mature granule cells
(A) Cluster dendrogram of the average expression profile for eachare only recovered at very low levels.
of the 13 groups (A–M).To further compare differentiation of granule cells in
(B) Visualization of the average expression profiles of the 13 groupsvitro and in vivo, we plotted the expression profiles of
using a red/green diagram (Eisen et al., 1998) where the order corre-
genes that are known to be expressed in mature cerebel- sponds to the dendrogram in (A). Red indicates increased relative
lar granule cells in vivo and compared the profiles to expression, green indicates decreased relative expression, and
those obtained for cells maintained in vitro (Figures 1C black indicates equivalent expression, relative to the initial time
point of the respective time course. Scale is from2 to2 (log2). Cb,and 1D). The profiles for the two time courses were
cerebellum; PGC, purified cerebellar granule cells; CGC, culturedstrikingly similar. Furthermore, a group of cell cycle
cerebellar granule cells.markers that are expressed in GCPs and downregulated
during granule cell differentiation in vivo showed compa-
We applied hierarchical clustering methods to grouprable downregulation in cells cultured in vitro (Figures
genes according to the similarity of their expression1C and 1D). This strongly suggests that, once they have
profiles (see Experimental Procedures). To focus ourbeen specified as precursors, the differentiation of cere-
analysis on gene expression in the granule cell lineage,bellar granule cells does not rely on factors derived from
three sets of data were used for this analysis: (1) theother cell populations.
whole cerebellum in vivo time course; (2) the time course
of granule cells cultured in vitro; and (3) acutely isolated
Hierarchical Clustering of Cerebellar
granule cells obtained from animals at different postna-
Expression Profiles
tal ages. The data from the different sources of tissues
The differential expression of the identified genes is or cells were weighed differently, with the most weight
likely to reflect the increasing or decreasing numbers being placed on the in vivo time course, as it contains
of individual cell types, changes in their differentiation expression data for all cerebellar cell types in their nor-
state, and/or other aspects of their metabolic state. We mal environment. We found that clustering expression
reasoned that genes that have critical roles in specific profiles from the three sources of cells (whole cerebella,
steps of neuronal differentiation should show a temporal cultured granule cells, and purified granule cells) al-
regulation that is similar to known markers of cellular lowed a cleaner separation of cell-specific markers into
differentiation. Besides the selected marker genes de- different clusters than was afforded by clustering data
scribed above, 13,020 genes of the 19,200 genes on the from any one source alone (data not shown). Truncation
array showed significant hybridization signals with RNA of the dendrogram at a height  5 yielded 13 clusters,
samples derived from whole cerebellar tissue. Of these named A–M (see the Supplemental Data at http://
13,020 genes, only 403 genes (2% of the genes on the www.neuron.org/cgi/content/full/36/3/417/DC1). We
array, 3.1% of all genes detected) showed significant then performed a second hierarchical clustering step
changes in expression during development (based on a using the average expression profile of each group (Fig-
variance measurement, see Experimental Procedures). ure 2). Overall, our method proved to be quite effective,
These genes were selected for further analysis and in- as it separated math1, cyclin D2, and GABA 6, which
clude markers of all major cerebellar cell types: granule, define distinct stages of granule cell differentiation, into
Purkinje, and glial cells. It is important to note that while different clusters. Since the other genes in these clusters
the following analysis covers a substantial portion of share the same temporal expression profiles, we rea-
the genes in the mouse genome, it is not exhaustive. soned that they might be expressed in granule cells at
Some genes with important functions in cerebellar de- the same developmental stages as the known markers.
velopment may not be present on the microarray or From the analysis described below, we found that genes
might have given hybridization signals below the detec- involved in common functional processes (e.g., specifi-
tion limit and consequently would not be included in the cation, proliferation, synapse maturation) tend to cluster
together based on their expression profiles.present study.
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Table 1. Identities and Interactions of Selected Genes Developmentally Regulated in the Cerebellum
Gene ID Definition Lc X wv X Expressiona
Cluster A
ZX00001G13 Purkinje cell protein 2 (L7) 0.6 7.2 PC
ZX00020K15 syndecan 4 0.9 4.2 glia
ZX00048M10 vitronectin 0.6 1.3 GC
ZX00035L13 gelsolin 0.6 1.2 PC  glia
ZX00026L13 clusterin 0.6 0.8 PC
ZX00002I06 S100 protein, beta 0.3 0.8 glia (PC)
ZX00003N11 SNAP-25 0 0.6 neurons
ZX00018H02 crystallin, alpha 2 0.2 0.3 glia
ZX00002H05 myelin basic protein 0.6 0.2 glia
CNPase CNPase 0.4 0.1 glia
ZX00002O01 myelin-associated glycoprotein 0.5 0 glia
8 ESTs, 3 genes
Cluster B
ZX00003J06b GABA-A receptor, 6 2.5 7.9 GC
ZX00003J04b GABA-A receptor,  0.1 4.1 GC
ZX00003M03b precerebellin 3 0.3 3.5 GC
ZX00002J07 parvalbumin 0 1.8 PC
ZX00029A19b ribosomal protein S6 kinase polypeptide 1 0.3 1.8 PC  GC
ZX00003G18 prostaglandin D2 synthase 0.2 1.4 meninges  glia
SCG10b SCG10 0.2 1.1 GC
ZX00017E10 sortilin-related receptor 0.2 1.1 PC
ZX00001K12b EST, similar to pentraxin receptor 0.1 1.1 GC  PC
ZX00003D12 proteolipid protein 0.1 0.8 glia
ZX00026L20 S100 protein, beta 0.1 0.5 glia (PC)
ZX00008K13b beta-chimearin 0 0.4 GC
ZX00032G11 apolipoprotein D 0.1 0.3 PC  glia
ZX00003I16 myelin and lymphocyte protein 0.2 0.2 glia
ZX00003E05 MOBP 0.3 0.2 glia
ZX00011N20 insulin-like growth factor binding protein 6 1 0.1 basket cells
ZX00047L23 protocadherin 2C 0.1 0.1 PC
ZX00027K01 EST, similar to Pax-6 0.2 0.1 PC
17 ESTs, 14 genes
Cluster D
ZX00003A12b neural visinin-like 3 0.3 6.9 PC  GC
ZX00026F14 metallothionein 1 0.2 3 glia
ZX00032E17 sortilin-related receptor 0.5 1.8 PC
ZX00001P15b similar to ataxin 2-binding protein 0 1.6 PC  GC
ZX00003G12b NMDA receptor, zeta 1 0 1.3 PC  GC
ZX00020P06 apolipoprotein E 0.6 0.4 glia
ZA00002M12b Cam kinase II, beta 0 0.4 PC  GC
ZX00003P03b APP-like protein 2 0.1 0.1 PC  GC
ZX00011M20 Purkinje cell protein 4 0.1 0 PC
13 ESTs, 14 genes
Cluster E
ZX00048E07 hemoglobin, beta adult chain 0.2 0.4 erythrocytes
ZX00048C19 hemoglobin alpha adult chain 0.2 0.4 erythrocytes
ZX00024P20 aminolevulinic acid synthase 2 0.1 0.2 erythrocytes
9 ESTs, 10 genes
Cluster I
ZX00035D17b CD24a antigen 0 13.7 GCP
ZX00012D08b cyclin D2 1.3 10.8 GCP
ZX00048D03b cyclin B1, related sequence 1 0.3 9 Proliferating cells
ZA00005A05b Mad3 0.3 5.1 Proliferating cells
ZX00030E10b cyclin B2 0.3 3.8 Proliferating cells
ZX00033H06b replication-dependent histone H2A.1 1.2 1.8 Proliferating cells
ZX00031P07b HN1 0.2 1.6 GCP
ZX00020N08b prothymosin alpha 0.4 1.5 Proliferating cells
ZX00025H23b keratinocyte lipid binding protein 0 1.5 GCP
ZA00005J07 aplysia ras-related homolog B (RhoB) 0.1 1.3 GC, PC
ZX00048P06b prothymosin beta 10 0 0.6 GCP
ZX00026G16b midkine 0.1 0.6 GCP
ZX00033L19b HMG protein 2 0.1 0.5 Proliferating cells
(continued)
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Table 1. Continued
Gene ID Definition Lc X wv X Expressiona
Cluster I
ZX00025F12 Pr22 protein 0 0.4 GCP
ZA00004M12 proliferating cell nuclear antigen 0.1 0.3 GCP
ZA00006A08 tissue inhibitor of metalloproteinase 3 0.1 0.2 GCP, PC
ZX00026C02 splicing factor, SRp20 0.1 0.1 Proliferating cells
ZA00005L06 pleiotrophin 0.1 0.1 GCP
ZA00002O09 cysteine-rich protein 2 0.2 0.1 Prior to differentiation
40 ESTs, 64 genes
Cluster L
Mash1 Mash1 0.1 0.3
ZX00014I18 protocadherin beta5 0.2 0.2
ZX00030D11 retinoid X receptor  0 0.2
Math-1 Math-1 0.2 0.2 GCP
p75-NGFR p75-NGF receptor 0.4 0.1
3 genes
To conserve space, ESTs and some known genes have been omitted, as indicated at the end of each cluster. The complete dataset is available
in Table S2 of the Supplemental Data online at http://www.neuron.org/cgi/content/full/36/3/417/DC1.
a PC, Purkinje cell; GC, granule cell; GCP, granule cell precursors. Literature citations regarding the subanatomic localization of gene expression
are provided in Table S1 of the Supplemental Data online at http://www.neuron.org/cgi/content/full/36/3/417/DC1.
b The expression profiles of these genes are shown in Figures 1C and 1D.
Genes Expressed in Granule Cell Precursors The hierarchical clustering analysis predicts that
We identified seven clusters (G–M) that together contain genes in cluster I are expressed in GCPs of the EGL.
219 genes that are strongly downregulated during cere- This was confirmed by in situ hybridization with probes
bellum development (Table 1 and Supplemental Data at for three selected genes within this cluster. CD24a, Pr22/
http://www.neuron.org/cgi/content/full/36/3/417/DC1). Op18/stathmin, and HN1 were found to be expressed
Clusters I and L contain the marker genes math1 and in the EGL at P5, but expression was undetectable or
cyclin D2, respectively, that are expressed in GCPs (Fig- highly reduced at P15 (Figures 3A–3F and data not
ure 2A). shown). Together, these results validate the gene ex-
Cluster L (math1) consists of 12 genes that are down- pression changes detected on the microarrays and sug-
regulated during the first postnatal week of develop- gest that the genes identified in clusters L and I may be
ment. Besides the basic-helix-loop-helix (bHLH) tran- important determinants of the transcriptional program
scription factor math1, it also contains several other of GCPs.
genes involved in transcriptional control. Mash1, an-
other bHLH protein, is associated with early steps of
Genes Expressed during Terminal Neuronalneuronal differentiation in other precursor populations
Differentiation in the Cerebellar Cortex(Guillemot et al., 1993; Johnson et al., 1990; Torii et al.,
We identified 184 genes in six clusters (A–F) that show an1999). Clim1 (or ldb2) is a LIM-domain containing protein
increase in expression during cerebellar development,that interacts with LIM homeodomain transcription fac-
indicating that they are associated with later stages oftors (Bach et al., 1997), and retinoid X receptor  is a
the differentiation of granule cells and other cells in thenuclear protein that strongly stimulates the interaction of
cerebellum (Table 1 and Supplemental Data at http://retinoic acid and thyroid hormone receptors to response
www.neuron.org/cgi/content/full/36/3/417/DC1). Theelements (Leid et al., 1992). These genes, together with
hierarchical clustering analysis revealed groups of genesmath1, might define the transcriptional program of GCPs
that are expressed in subsets of cerebellar cell typesin the EGL at an early developmental stage.
as well as genes that are upregulated during differentCluster I (cyclin D2) contains 125 genes and is the
steps of late neuronal differentiation.largest cluster that we identified. Expression of these
The 23 genes in cluster A do not show significantgenes increases after birth and then decreases after P5
expression in the cultures of purified granule cells but(Figure 2B). Cyclin D2 is thought to be expressed in
are strongly upregulated in the cerebellum during devel-GCPs that are undergoing terminal differentiation (Hat-
opment. Known genes in this cluster are mostly ex-ten et al., 1997; Ross et al., 1996). The observation that
pressed in Purkinje cells (L7, clusterin) and glial cellscyclin D2 and math1 (cluster L) sort to different clusters
(e.g., myelin basic protein, syndecan 4, myelin-associ-indicates that these genes are expressed independently
ated glycoprotein). Vitronectin is the only gene in thisin GCPs. Cyclin D2 most likely functions in the expansion
cluster that has been reported to be expressed in gran-of a GCP pool that has been previously specified by
ule cells (Pons et al., 2001). Most likely, this clustermath1. Consistent with this hypothesis, we find a large
primarily represents some aspects of Purkinje and glianumber of genes in cluster I that are involved in cell
cell development that occur in a coordinated manner.proliferation, such as cyclin B1, cyclin B2, mad3, and
Genes in cluster B (33 known genes and 18 ESTs) arehmg-17. Furthermore, cyclin D2-deficient mice show a
characterized by strong upregulation in the cerebellumstrong reduction in the number of granule cells (Huard
et al., 1999). during development. This cluster represents multiple
Neuron
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Figure 3. Identification of Candidate Genes
Expressed in Spatially and Temporally Spe-
cific Patterns during Cerebellum Develop-
ment with RNA In Situ Hybridization
Sagittal sections of P5 (A, D, G, J, and M),
P15 (B, E, H, K, and N), or P10 (C, F, I, L, and O)
cerebella were hybridized with digoxigenen-
dUTP-labeled antisense probes specific for
CD24a (A–C), stathmin (D–F), pentraxin re-
ceptor-like EST (G–I), SCG10 (J–L), and pax6-
like EST (M–O). EGL, external granule layer;
ML, molecular layer; PL, Purkinje cell layer;
IGL, internal granule layer. Scale bar, 80 m
(A, D, G, J, and M), 100 m (B, E, H, K, and
N), and 25 m (C, F, I, L, and O).
cell types. Eight genes are expressed in glia (e.g., myelin Expression of the 36 genes in cluster D increases later
in development than expression of genes in cluster B.basic protein, proteolipid protein, S100), and 12 genes
are specific to different neuronal cell types, including Only two glial markers are found in this cluster (apolipo-
protein E and metallothionin), whereas the large majorityPurkinje cells (protocadherin 2C, parvalbumin, sortillin-
related receptor), basket cells (insulin-like growth factor of genes are expressed in neurons. Several of these
genes have a well-established synaptic function (e.g.,binding protein 6), and mature granule cells (e.g., GABA
6 [Kato, 1990], SCG10 [Sugiura and Mori, 1995]). Se- CaM kinase II and the NMDA receptor 1 subunit) or
localize to synapses (e.g., SHPS-1). Since these geneslected genes were analyzed by in situ hybridization of
cerebellar sections at P5 and P15. The gene encoding are upregulated later than several markers of mature
neurons in cluster B, they mark a late stage of neuronalneural-specific superior cervical ganglion protein (SCG10),
the ribosomal protein S6 kinase, and an EST with similar- differentiation. The timing of their expression correlates
well with the formation of functional synaptic circuits inity to the pentraxin receptor are all expressed in the IGL
(Dodds et al., 1997; Sugiura and Mori, 1995). Interest- the cerebellum, and we speculate that these genes are
involved in and/or expressed in response to cell-cellingly, an EST encoding a protein with homology to the
transcription factor Pax6 was found to be expressed in signaling between mature neurons.
Cluster E consists mainly of genes encoding erythro-the Purkinje cell layer (Figures 3M–3O). The appearance
of multiple genes specific to fully differentiated cerebel- cyte proteins (hemoglobin  and 	 chains, aminolevulilic
acid). The expression of these genes is strongly de-lar cell types in this cluster suggests that it marks the
appearance of mature Purkinje and granule cells as well creased in the cultured granule cells, almost certainly
due to the loss of contaminating erythrocytes. Duringas glial cells in the cerebellar cortex.
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development in vivo, these genes are slightly upregu-
lated, which probably reflects the increasing amount of
meninges that surround the cerebellum.
Identification of Granule Cell-Dependent
Expression Profiles
The hierarchical clustering methods permit the grouping
of genes corresponding to early and late differentiation
events in the cerebellum. In a complementary approach
to sort genes based on the cells in which they are ex-
pressed, we took advantage of the weaver (wv) and
Lurcher (Lc) mouse mutants. In wv/wv mice, granule cell
precursors are correctly specified and proliferate in the
EGL; however, the postmitotic cells die before they mi-
grate to the IGL (Hatten et al., 1986; Rakic and Sidman,
1973b). Heterozygous Lc/mice exhibit a selective apo-
ptotic death of cerebellar Purkinje cells, which leads to a
subsequent loss of granule neurons (Caddy and Biscoe,
1979). This rather selective ablation of specific groups
of cells in the cerebellar cortex provides an opportunity
to identify genes that are specific to mature granule and
Purkinje cells. Furthermore, it permits the identification
of genes expressed in response to granule and/or Pur-
kinje cell-derived signals.
We examined three critical time points of granule cell
differentiation and maturation (P1, P11, P21) in wv/wv
and Lc/ mice. For each mutant, RNA was prepared
from the cerebella of mutant and wild-type littermates
for comparison. A factorial design was employed to gen-
erate the expression data (Figure 4A). In this way, we
can measure quantitatively the main effects (change
over time) as well as the interactions (change between
wild-type and mutant) for every gene on the array by
fitting the data to a linear model (see Experimental Pro-
cedures). We used regression analysis to estimate the
main effects (, 1, 2) and the interactions (	, 1	,
2	). The expression profile for each gene (designated Figure 4. Experimental Design to Identify Granule Cell-Dependent
“adjusted fitted values” or “Adj FV”) was calculated by Gene Expression Patterns
linear combination of the regression output (e.g., wild- (A) A 2 
 3 factorial design matrix with three time points (P1, P11,
P21) and two treatments (WT, wild-type; MT, mutant) is shown.type P11    1). We then ranked the previously
Black lines indicate hybridizations for microarray analysis. The timeidentified genes within their respective clusters ac-
effects are represented by , 1, 2, and the treatment interactionscording to a chi2 measurement (referred to here as the
are represented by 	, 1	, 2	. Genes with large interactions indi-
 statistic, see Experimental Procedures), which evalu- cate differential expression patterns in the wild-type and mutant
ates the overall difference between the wild-type and mouse lines.
mutant expression profiles (Table 1). In essence, these (B) Expression profiles of known cerebellar marker genes in wild-
type (squares, solid lines) and weaver (triangles, dashed lines) cere-calculations allow us to derive quantitative information
bella. Shown are the expression profiles of cyclin D2 (top left graph),about gene expression differences in the various genetic
GABA 6 (top right graph), L1 (bottom left graph), and math1 (bottombackgrounds. Thus, genes with relatively high  values
right graph). Graphs depict the adjusted fitted values (“Adj FV”) (log2)are more likely to have altered patterns of gene expres- relative to  (wild-type P1) as a function of time in postnatal days.
sion in the mutant background than those with lower 
values. However, it is important to note that genes with
similar  values could have very different expression and Figure 4B). This strongly supports our finding that
these genes function in a stage of granule cell develop-profiles.
Several of the markers for GCPs, such as cyclinD2, ment upstream of the stage characterized by cluster I
(proliferation).cyclinB1, and CD24a, showed significant  values in the
weaver cerebellum but only subtle differences in Lurcher Genes that function downstream of cluster I were af-
fected significantly in the mutants. The cell adhesion(Table 1 and Figure 4B). This confirms the observation
that weaver granule cells are affected early in develop- molecule L1, which is expressed in migrating granule
cells, was not upregulated in weaver cerebellum as com-ment, while the Lurcher mutation affects the maturing
granule neurons of the IGL only. Interestingly, math1 pared to wild-type littermates (Figure 4B; Bjerregaard
and Jorgensen, 1994). Known markers of mature granuleand other genes involved in granule cell specification
(cluster L) were not affected in either mutant (Table 1 cells and Purkinje cells, as well as additional markers
Neuron
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Figure 5. Granule Cell-Dependent Gene Ex-
pression in weaver Cerebellum
Expression profile of CD24a (A), stathmin (D),
pentraxin receptor-like EST (G), and SCG10
(J) are shown in wild-type (squares, solid
lines) and weaver (triangles, dashed lines)
cerebella. Graphs depict the adjusted fitted
values (“Adj FV”) (log2) relative to  (wild-type
P1) as a function of time in postnatal days.
Sagittal sections of P15 wild-type (B, E, H,
and K) and weaver (C, F, I, and L) cerebella
were hybridized with digoxigenen-dUTP-
labeled antisense probes specific for CD24a
(B and C), stathmin (E and F), pentraxin recep-
tor-like EST (H and I), and SCG10 (K and L).
Scale bar, 100 m.
identified in our experiments, had significant  values Distinct Target-Dependent Genetic Programs
Are Revealed by the Analysis of Genein the mutant mice. On average, genes within clusters
Expression in Pontine NucleiA and B are the most significantly different in Lurcher,
The analysis of weaver and Lurcher mutant mice re-and genes within clusters B and I are the most signifi-
vealed groups of genes that represent the develop-cantly different in weaver. This further confirms that
mental gene expression program of individual cell typesgenes in clusters A and B represent markers of Purkinje
in the cerebellar cortex. While we identified an aspectand mature granule cells, respectively, whereas clusters
of granule cell differentiation that appears to be largelyB and I represent mature granule cells and their prolifer-
independent of other cerebellar cell types, other aspectsating precursors (Table 1 and Figure 4B).
of neuronal differentiation, including axon guidance andThe gene expression changes in the mutant mice de-
synaptogenesis, are strongly dependent on interactionstected by our microarray analysis were confirmed for
with other cell types in the environment. To detect geneselected genes by in situ hybridizations (Figure 5). Con-
expression changes that might mediate these latesistent with the microarray data, expression of SCG10
stages of neuronal differentiation, we focused on theand the pentraxin receptor-like EST was undetectable
pontine mossy fiber projection. Cerebellar granule neu-in mutant cerebella (Figures 5H, 5I, 5K, and 5L). Expres-
rons are the postsynaptic targets of pontine mossy fi-sion of Pr22/Op18/stathmin and CD24a in the EGL of
bers, and factors in granule cells, such as wnt-7a andweaver cerebellum was prolonged (Figures 5B, 5C, 5E,
neuroligin-1, induce presynaptic differentiation in mossy
and 5F). This pattern of Pr22/Op18/stathmin expression
fibers (Hall et al., 2000; Scheiffele et al., 2000).
was obscured in the microarray experiments, owing to We examined the temporal expression patterns of
weak expression in the wild-type IGL (but not in the pontine tissue using the same experimental paradigm
mutant IGL) at P15 (Figure 5E), apparently at a level as described above for cerebellar development. Pontine
similar to that observed in the mutant EGL (Figure 5F). tissue was dissected from mice from P0 to P21, and
Thus, our analysis allowed the identification of known RNA was analyzed using cDNA microarrays. Genes that
and novel genes that are differentially expressed in the were developmentally regulated (419 genes, see Sup-
mutant mouse lines. Moreover, the inclusion of cerebel- plemental Data at http://www.neuron.org/cgi/content/
lar mutants in our analysis revealed that the groups of full/36/3/417/DC1) were organized into 15 clusters (A–O)
genes identified by hierarchical clustering indeed repre- by hierarchical clustering methods; the average profiles
sent functional units that not only show coordinate ex- are shown in Figure 6B. To organize the clusters further,
pression in the wild-type situation but also in response we carried out a second hierarchical clustering step
to the cellular perturbations imposed by the weaver and based on the average profile of each cluster (Figure 6A).
The analysis revealed two clearly distinct phases duringLurcher mutations.
Programs of Gene Expression in CNS Development
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Figure 6. Expression Profiling of Pontine Nu-
clei during Postnatal Development
(A) Cluster dendrogram of the average ex-
pression profile for each of the 15 groups
(A–O).
(B) Visualization of the average expression
profiles of the 15 groups using a red/green
diagram (Eisen et al., 1998) where the order
corresponds to the dendrogram in (A). Red
indicates increased relative expression, green
indicates decreased relative expression, and
black indicates equivalent expression, rela-
tive to the initial time point (P0 pons). Scale
is from –4 to 4 (log2).
(C) Time course of gene expression during
postnatal pons development. Graph shows
ratio (log2) of gene expression relative to the
initial time point (P0) as a function of time in
postnatal days. GAP43 (gray circles, dashed
lines), tubulin 	2 (gray triangles, dashed
lines), munc13 (black diamonds, solid lines),
and SNAP25 (black squares, solid lines) are
shown.
postnatal development of the pontine nuclei. Markers duced by contact with Purkinje or granule cells (or fac-
tors they secrete) should have dramatically altered ex-of axonal elongation, such as the growth accentuating
protein of 43 kDa (GAP43) and tubulin 	2 (Lankford et pression profiles in the corresponding mutants.
We analyzed gene expression in pontine tissue fromal., 1990), are expressed at constant levels until P8 and
then strongly downregulated (cluster H, Figures 6B and the mutant mice and followed the same experimental
design and analysis procedure as for the cerebellum to6C). During the same developmental period (between
P7 and P10), synaptic markers such as SNAP25 and define the  statistic between wild-type and mutant
pons. Genes in the groups obtained in the hierarch-munc13 are upregulated (clusters N and O, respectively,
Figures 6B and 6C). ical clustering analysis (Figure 6A) were then ranked
within each cluster according to their  value in wv/wvIt has been hypothesized that the same signals that
lead to the induction of morphological presynaptic dif- pons (Table 2 and Supplemental Data at http://www.
neuron.org/cgi/content/full/36/3/417/DC1). In wv/wvferentiation might also signal the reduction of afferent
growth (“stop-signal”; [Baird et al., 1992; Campagna et pons, there was a significant interaction for the synaptic
markers SNAP25 (cluster N) and munc13 (cluster O),al., 1995; Porter et al., 1995]). Our data strongly suggest
that the functional switch from axon extension to syn- whereas the expression profiles for axon extension
markers GAP43 and 	-tubulin2 (cluster H) or neuronalapse formation in the mossy fibers is accompanied by
the initiation of a specific gene expression program. This (enolase) and glial markers (myelin proteolipid protein,
cluster A) were unchanged (Figure 7A and Table 2).program might simultaneously lead to the downregula-
tion of factors required for axonal growth and to an These data suggest that wv/wv pons are defective selec-
tively in synapse formation, while other aspects of neu-increase of factors involved in synapse formation and
function. Since synaptic differentiation requires target- ronal differentiation remain intact. Moreover, the down-
regulation of axonal elongation markers and thederived signals, we hypothesized that the mossy fibers
would be impaired in their ability to switch from an axon upregulation of synaptic markers appear to represent
two independent gene expression programs that canextension state to one of synapse formation in mutant
mice lacking mature granule cells. To test this hypothe- be uncoupled.
In Lc/ pons, unlike the situation in the wv/wv back-sis, we again took advantage of the weaver and Lurcher
mutant mice. In wv/wv mutants, granule cells die prior ground, there were significant effects for several differ-
ent marker classes, including axonal elongation (clusterto migration, and mossy fiber-granule cell synapses are
never formed (Rakic and Sidman, 1973a). In Lc/, gran- H), synapse formation (cluster N and O), and glia (cluster
A and E) (see Figure 7B). Unexpectedly, the largest inter-ule cell degeneration is a secondary effect to Purkinje
cell death and proceeds more slowly than in the weaver actions in Lurcher pons were observed for several genes
encoding myelin proteins (Table 2). These latter interac-mutant (Dumesnil-Bousez and Sotelo, 1992; Swisher
and Wilson, 1977). Thus, genes that are specifically in- tions could be due to altered cell-cell signaling from
Neuron
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Table 2. Identities and Interactions of Selected Genes Developmentally Regulated in the Pons
Gene ID Description lc X wv X
Cluster A
ZX00002O01 myelin-associated glycoprotein 6.5 1.5
ZX00003B15 myelin proteolipid protein 10.5 1.5
ZX00003I16 myelin and lymphocyte protein 3.5 1.3
ZX00002H05 myelin basic protein 9.1 1.3
Cluster B
ZX00004E21 EST 1.4 3.6
ZX00008K13 homolog to beta-chimaerin 1.4 3.6
Cluster E
ZX00032G11 apolipoprotein D 6.0 4.0
ZX00002C20 EST 7.9 3.1
ZX00023P06 protein that interacts with C kinase 1 3.8 2.3
ZX00035L13 gelsolin 5.4 2.2
Cluster F
ZX00026N07 EST 1.4 5.1
ZX00001E06 G-protein coupled receptor 26 1.6 3.2
ZX00023L07 secreted acidic cysteine rich glycoprotein 2.2 2.8
ZX00019I15 EST 6.8 1.2
ZX00021L09 Oxidoreductase FAD/NAD-binding domain protein 3.5 1.1
Cluster N
ZX00002L19 SNAP-25 1.4 8.7
ZX00001D09 homolog to BSMAP 3.0 5.5
ZX00001I15 corticotropin releasing hormone receptor 1.9 4.5
ZX00026P16 neuritin 1.9 4.3
ZA00002K15 homolog to PMF31 3.0 4.2
ZA00004G06 EST, similar to receptor-like protein p91C 6.1 2.1
ZX00048B19 visinin-like 1 2.8 2.0
Cluster O
ZX00012I10 secretory granule neuroendocrine protein 1 3.6 10.0
ZA00007L13 Ca transporting ATPase 2.7 4.9
ZX00023K24 glucose regulated protein 4.9 4.2
ZX00016M16 CD-Mannose-6-phosphate receptor 2.0 4.1
ZX00011M16 histocompatibility 2 4.1 4.0
ZX00024B15 integral membrane protein 2 12.8 3.6
ZX00007N08 vacuolar adenosine triphosphatase C 5.0 3.5
ZX00005P18 CGI-31 protein 4.9 2.9
ZX00020L17 TRIAD2 type 1 2.3 2.9
ZX00016P18 stimulated by retinoic acid 14 3.3 2.8
ZX00028H14 membrane protein TMS-2 3.1 2.1
ZX00020N24 golgi GP25L2 protein 3.5 1.9
ZX00017N13 decorin 2.7 1.9
ZA00001K24 Ndr1 related protein Ndr3 3.1 1.8
ZX00003O13 Munc13 4.4 1.6
ZX00021M03 delta-like 3 4.3 1.4
20 ESTs, 9 genes
To conserve space, some ESTs and known genes have been omitted, as indicated. The complete dataset is available in Table S3 of the
Supplemental Data online at http://www.neuron.org/cgi/content/full/36/3/417/DC1.
mossy fiber neurons to glia as a secondary consequence have large  values in weaver and vice versa. This is
especially clear for clusters F and N (Figure 7C, blueof the Purkinje cell defect on pontine neuron behavior
(see Discussion). However, the large magnitudes of squares, left and right panels, respectively). Indeed, of
all developmentally regulated genes identified, none hadthese effects may be more consistent with a cell-autono-
mous effect of the Lurcher mutation in the pontine glia. very small  values in both mutants (Figure 7C). These
data provide additional support for the idea that pontineTo understand the relationship between the different
mutant strains, we plotted the  values of weaver versus mossy fibers respond to environmental cues with dis-
tinct transcriptional programs and that signals derivedLurcher and found a clear relationship between the two
mutant strains (shown in Figure 7C for each cluster from cerebellar neurons direct these expression pro-
grams.group). On average, genes with small  values in Lurcher
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Figure 7. Transcriptional Responses of Pon-
tine Nuclei in weaver and Lurcher Mice
(A) Expression profile of known marker genes
in wild-type (solid lines) and weaver (dashed
lines) during pons development. Shown are
the expression profiles of GAP43 (top left
graph), 	2 tubulin (bottom left graph),
SNAP25 (top middle graph), munc13 (bottom
middle graph), enolase (top right graph), and
myelin proteolipid protein (MPP, bottom right
graph). Graphs depict the adjusted fitted val-
ues (“Adj FV”) (log2) relative to  (wild-type
P1) as a function of time in postnatal days.
(B) Average expression profile for wild-type
(sold lines) and mutant (dashed lines) pons.
Shown are the average expression profiles
for clusters A/E/F (left panels), G/H/J (middle
panels), and B/N/O (right panels) for weaver
(top panels) and Lurcher (bottom panels).
Graphs depict the adjusted fitted values (“Adj
FV”) (log2) relative to  (wild-type P1) as a
function of time in postnatal days.
(C) Relationship between weaver and Lurcher
 values. Shown are the  values of weaver
(x axis) versus Lurcher (y axis) for clusters
A/E/F (left panel), G/H/J (middle panel), and
B/N/O (right panel).
Candidate Genes Regulated by Afferent-Target lla with reduced numbers of granule cells. For example,
the expression profiles of an EST and 	-chimaerin, aCell Interactions
What genes might be induced in the presynaptic pontine GTPase activating protein for p21rac (cluster B), and an
EST (cluster F) are dramatically altered in wv/wv ponsmossy fiber neurons as they contact their postsynaptic
partners, the cerebellar granule cells? Such genes might as compared to wild-type (Figure 8, top panels). The
synaptic markers SNAP25 and munc13 (clusters N andencode, for example, proteins important for the develop-
ment and/or maintenance of the presynaptic terminal. O, respectively) show markedly altered expression in
the wv/wv background (Figure 6B). Other candidateA subset of the genes in clusters B/N/O and F are good
candidates to be target-induced genes, as they have genes in these two clusters include the brain-specific
membrane anchor protein (BSMAP), the corticotropinhigh  values in weaver and smaller but significant 
values in Lurcher. Furthermore, their expression is releasing hormone receptor (CRHR), cpg15/neuritin, and
visinin-like protein 1 (VILIP-1) in cluster N and secretorystrongly upregulated during development in the wild-
type cerebellum but increases less in the mutant cerebe- granule neuroendocrine protein 1 (SGN-1) and the cat-
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Figure 8. Candidate Genes Differentially Ex-
pressed in Wild-Type and weaver Pons
Beginning at top left: expression profile of
	-chimaerin (cluster B), EST (cluster B), EST
(cluster F), brain-specific membrane-
anchored protein (BSMAP, cluster N), corti-
cotropin releasing hormone receptor (cluster
N), cpg15/neuritin (cluster N), visinin-like 1
(VILIP-1, cluster N), secretory granule neuro-
endocrine protein 1 (SGN1, cluster O), and
mannose 6-phosphate receptor (M6PR, clus-
ter O) are shown in wild-type (solid lines) and
weaver (dashed lines) pons. Graphs depict
the adjusted fitted values (“Adj FV”) (log2) rela-
tive to  (wild-type P1) as a function of time
in postnatal days.
ion-dependent mannose 6-phosphate receptor (CD- suggesting that the later phases of granule cell differen-
tiation are largely independent of interactions with otherM6PR) in cluster O (Figure 8, middle and bottom panels).
Thus, the genes shown in Figure 8 and those highlighted cell types. Second, we utilized known mutants affecting
specific cerebellar cell types as a means of validatingin Table 2 are good candidates for being regulated in
response to interactions of mossy fiber axons with their and refining the assignment of genes to different genetic
programs. This further allowed the identification of spe-postsynaptic target cells.
cific cell-cell interactions that influence different phases
of gene expression in differentiating pontine mossy fiberDiscussion
neurons. The combination of gene expression profiling
and genetic mutant analysis therefore constitutes aA major challenge in understanding CNS development
powerful approach for dissecting gene expression pro-is the daunting complexity of the system: there are an
grams from within a complex tissue.enormous number of cell types engaged in a multitude
of different cell-cell interactions. Owing to its relative
simplicity, the developing pontocerebellar projection Patterns of Gene Expression Define Distinct
Stages of Granule Cell Developmentsystem provides an excellent model for elucidating the
molecular events which define this process. As an ap- Granule cells undergo distinct stages of differentiation,
including specification, proliferation, migration, and syn-proach toward understanding the genetic programs that
underlie the differentiation of specific cell types in this apse formation. What can be learned about the factors
influencing the progression of these cells in the environ-system, we pursued a microarray-based approach to
analyze—on a global scale—gene expression during de- ment of the developing cerebellum? As a starting point,
the elucidation of gene expression patterns associatedvelopment.
Two independent studies have applied a large-scale with specific stages of granule cell maturation should
help to identify candidate molecules that both defineapproach to understanding the development of the cere-
bellum (Matoba et al., 2000a, 2000b) and granule cell and regulate each stage of the process. Hierarchical
clustering of the expression data reveals three mainprecursors (Zhao et al., 2002). Matoba and colleagues
used adaptor-tagged competitive PCR followed by hier- branches that correspond to distinct stages of neuronal
differentiation based on the marker genes math1 (clusterarchical clustering analysis to identify groups of genes
with similar expression profiles. Zhao and coworkers L—specification), cyclin D2 (cluster I—proliferation), and
GABA 6 (clusters B and D—late stage differentiation).identified genes expressed in granule cell precursors
via microarray analysis of primary cerebellar cultures Interestingly, while cluster L and cluster I are more simi-
lar to each other than the late stage differentiation clus-treated with the mitogen Sonic Hedgehog and whole-
organ profiling experiments. Our experiments differ from ters (see Figure 2A), these two stages of GCP specifica-
tion and proliferation can be uncoupled based on ourthese studies in two significant ways. First, we per-
formed microarray experiments under multiple condi- gene expression analysis. Thus, while genes in cluster
L are downregulated in mutant animals similarly as intions (whole cerebella, purified granule cells, cultured
granule cells). This facilitated a clearer separation of wild-type animals, the expression of genes in cluster I
remains elevated at P21 in weaver animals. The expres-neuronal and non-neuronal genes by hierarchical clus-
tering methods. Moreover, a comparison of granule cell- sion patterns of these genes are unaffected in Lurcher
animals, which do not affect granule cell precursors butspecific gene expression in vivo and in vitro revealed a
striking similarity in transcriptional programs from cells rather maturing neurons. These data suggest that the
persistence of expression of the proliferation-associ-differentiating within or outside their native environment,
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ated genes is due to the inability of weaver granule tissue reveals the dynamic nature of expression pat-
terns. The dendrogram of our hierarchical clustering hasneurons to exit the cell cycle, consistent with previous
observations (Migheli et al., 1999). Alternatively, the ob- two main branches corresponding to the two main
phases of axonal differentiation, axon growth and syn-served effects may be due to the aberrant reentry of
terminally differentiated cells into the cell cycle, which apse formation. Markers of axonal elongation (such as
GAP43 and tubulin 	2; cluster H) are strongly downregu-has been suggested to be part of a neuronal cell death
program (Copani et al., 2001). Although the mechanism lated after the first postnatal week, when most mossy
fiber projections have formed. Interestingly, we find thatunderlying the observed transcriptional effects is un-
clear, our data nonetheless demonstrate that the tran- at the same time genes encoding synaptic vesicle pro-
teins and constituents of the presynaptic cytomatrixscriptional program associated with proliferating GCPs
can be influenced by a perturbation later in the differenti- (such as SNAP25 and munc13; clusters N/O) are upregu-
lated, coinciding with the induction of synapse formationation pathway, whereas the earlier specification events
appear to be unaffected. between mossy fiber axons and cerebellar granule cells.
Moreover, expression of glial markers (myelin basic pro-What does gene expression profiling reveal about the
later stages of granule cell differentiation? Genes within tein, proteolipid protein, clusters A/E) is upregulated
in a correlated manner (note the small height betweenClusters A, B, and D exhibit expression profiles that are
upregulated during development. Based on the follow- clusters A/E and N/O in Figure 6A), suggesting that syn-
apse formation in the cerebellum and myelination in theing considerations, we predict that some of these genes
are involved in neuronal maturation. First, the majority pontine nuclei are coupled during development. Taken
together, these data suggest that the presynaptic mossyof these genes show a highly significant reduction in
the weaver and Lurcher mutants, consistent with ex- fiber neurons undergo programs of gene expression that
reflect distinct stages of differentiation.pression in granule cells of the IGL or Purkinje cells.
Second, in addition to numerous ESTs, several genes
in cluster D have an established role in synaptic function, Analysis of Gene Expression in Pontine Nuclei
such as the NMDA receptor 1 subunit and CaM kinase from weaver and Lurcher Mice Reveals Differential
II. Through transgenic approaches and ectopic expres- Modulation by the Target Environment
sion in cell culture, it should be possible to establish of the Cerebellum
the roles of identified candidate genes in neuronal matu- Little is known about whether or how differentiating neu-
ration. rons respond transcriptionally as their axonal processes
enter their target environment and ultimately form syn-
Distinct Programs of Gene Expression apses with their postsynaptic partners. Analysis of gene
in Differentiating Granule Cells Revealed expression in weaver and Lurcher mice reveals that the
by Microarray-Based Profiling target environment encountered by the mossy fibers
A comparison of granule cell-specific gene expression plays a dramatic role in modulating gene expression in
profiles in vivo with those obtained from cells cultured pontine nuclei during different phases of differentiation.
in vitro permits mechanistic insight into the later stages The primary defects described in weaver and Lurcher
of granule cell maturation. We found that the expression mutants are the loss of granule cells (weaver) and Pur-
profiles of 12 genes known to be expressed in the gran- kinje and granule cells (Lurcher) due to gain-of-function
ule cell lineage in vivo are remarkably similar to the mutations in channel proteins that lead to excitotoxic
profiles manifested during differentiation in vitro (Fig- cell death of Purkinje (Lurcher) or granule cells (weaver)
ures 1C and 1D). The in vitro program of gene expression in the cerebellum (Araki et al., 1993; Patil et al., 1995;
could reflect a cell-intrinsic phase of granule cell differ- Slesinger et al., 1996; Zuo et al., 1997). We observed
entiation or alternatively may depend on paracrine or significant gene expression changes in the cerebella of
other homotypic cell-cell interactions (e.g., from granule these mutants, as expected for the ablation of large cell
cell-granule cell synapses). In either case, the gene ex- populations. In the pontine nuclei—the source of mossy
pression data suggest that once granule cells have been fiber afferents—we identified subsets of genes showing
specified by math1 in the EGL, they undergo a program aberrant expression patterns in the weaver and Lurcher
of differentiation that does not rely on additional factors mutant mice. In weaver mice, subsets of genes in clus-
provided by other cell types in the developing cerebellar ters B/N/O (including the synaptic markers) fail to be
environment. In contrast, the precursor cells depend upregulated in weaver mice, whereas genes in clusters
on the presence of inhibitory differentiation factors to H/J (including the axon elongation markers) are largely
remain in the proliferative state, as shown for Notch2 and unaffected (Figure 7B). These observations suggest that
Sonic Hedgehog (Kenney and Rowitch, 2000; Solecki et in wild-type animals the upregulation of synaptic genes
al., 2001; Wechsler-Reya and Scott, 1999). Our observa- is induced by interactions between mossy fibers and
tions set the stage for future studies aimed at identifying granule cells in the cerebellar cortex.
the molecules and mechanisms responsible for the tran- In the Lurcher background, we find that, in addition
sition between the different phases of granule cell differ- to effects on the clusters containing known synaptic
entiation. markers (clusters B/N/O), genes associated with axon
growth (clusters H/J) are also affected, showing greater
differences from wild-type than in the weaver back-Transcriptional Responses of Pontine Nuclei
and Mossy Fiber Neurons ground (Figure 7B, compare middle panels). The ob-
served effects of the Lurcher mutation on pontine geneWhat are the transcriptional events associated with de-
velopment of the pontine nuclei and mossy fiber projec- regulation suggest that, prior to synapse formation, the
ingrowing mossy fiber axons encounter signals providedtions? Analysis of gene expression in wild-type pontine
Neuron
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by the cerebellar Purkinje cells and that these extracellu- et al., 1997; Nedivi et al., 1998). Several candidate target-
induced genes we identified in our screen are ESTs.lar signals are transduced to alter nuclear gene expres-
sion. Purkinje neurons express Sema3A during postna- As judged by sequence comparisons, several of these
novel genes encode potential transmembrane proteinstal cerebellar development, and Sema3A can cause
growth cone collapse of pontocerebellar mossy fiber that might be involved in adhesive interactions between
synaptic partners (data not shown). While future workafferents in vitro (Rabacchi et al., 1999). It is tempting
to speculate that Sema3A or factors like it direct the will be necessary to confirm that these molecules are
directly involved in afferent-target cell interactions, thedevelopment of mossy fiber afferents by influencing the
expression of specific genes. Thus, gene expression present study provides an effective large-scale screen
for such factors.patterns within the maturing mossy fiber neurons can
be broken down into multiple phases—axon growth and
Experimental Proceduressynapse formation—that are modulated by different cell
types in the cerebellum. This conclusion must be tem-
Animals
pered, however, by the possibility that the effects on We used CD-1, weaver, and Lurcher mice. Weaver and wild-type
pontine gene expression are due to the expression of littermates were generated by mating B6CBACa-Aw–J/A–Kcnj6wv
mice; weaver genotypes were determined by a restriction site-gen-the mutant genes within these cells. For Lurcher mu-
erating PCR protocol (Jensen et al., 1999). Lurcher Lc/ and wild-tants, this is unlikely, as the mutant glutamate receptor
type littermates were generated by mating B6CBACa-Aw-J/A–Grid2Lcsubunit 2 is expressed primarily in Purkinje cells (Araki
male mice and wild-type females; genotypes were determined byet al., 1993). Although the mutant potassium channel
restriction fragment length polymorphism analysis and/or behavior
(GIRK2) in weaver is more broadly expressed (Kofuji et for adult animals. We used the intron primer pairs for exon B de-
al., 1996), no extensive cell death of pontine cells has scribed (Zuo et al., 1997) and digested the PCR products with
Fnu4HI. The Lurcher mutation disrupts an Fnu4HI restriction site.been described (Hess, 1996). Moreover, in the present
All mouse strains were purchased from the Jackson Laboratory.study, we did not observe a global downregulation of
neuronal markers in the pontine nuclei. With these cave-
Tissue Dissection and Granule Cell Cultureats in mind, our results nonetheless indicate that gene
For each time point (P0, P3, P6, P9, P12, P15, P18, P21), intact
expression events associated with mossy fiber axon brains were removed from three CD-1 littermates, and cerebella
growth and synapse formation can be decoupled and were isolated, freed of meninges, choroid plexus, and deep cerebel-
lar nuclei, and pooled for RNA isolation. For the mutant analysis,are likely responsive to different cell-cell interactions.
cerebella were isolated from two wild-type and two mutant lit-Intriguingly, we observed dramatic changes in genes
termates at each time point (P1, P11, P21) and pooled for RNAencoding myelin subunits and other glial markers (clus-
isolation. Purified cerebellar granule cells were prepared essentiallyters A/E) in the pontine nuclei of Lurcher mice, whereas
as described (Hatten, 1985) at each time point (P0, P2, P4, P6, P8,
these genes were unaffected in weaver animals. Per- P10, P12, P13). For granule cell cultures, cerebella were isolated as
haps factors from the Purkinje cells signal to the ingrow- above from P6 mice, treated with trypsin and DNase I, dispersed
by trituration, and pelleted through a 4% BSA cushion. The celling mossy fibers, and the mossy fibers in turn signal to
pellet was resuspended and centrifuged through a 40% Percoll stepthe glial cells. In this model, such cell-cell interactions
gradient. Cells were recovered from the cell pellet, spun through awould direct the correlated development of neurons and
second 4% BSA cushion, and plated at 1 
 105 cells/cm2 on cultureglia. It is also possible that the Lurcher mutation is acting
dishes coated with 10 g/ml poly-D-ornithine (Sigma) and 30 g/ml
on the pontine glia in a cell-autonomous manner. Future mouse EHS laminin (Roche). Cultures were maintained at 37C for
studies will be required to determine the role of cell-cell up to 8 days with 100% humidity and 5% CO2 in defined, serum-
free neuronal culture medium: Neurobasal medium supplementedinteractions influencing neuronal and glial gene expres-
with 5 ng/ml BDNF (PeproTech), B27 supplement (Invitrogen), 2 mMsion in the pons.
glutamax (Invitrogen), and Penicillin/Streptomycin (100 units/ml and
100 g/ml, respectively, Invitrogen). After 1 day, AraC was added
Target-Induced Gene Expression to 5 M final concentration to reduce glia proliferation. The number
and Synapse Formation of GFAP-positive cells in the culture was 1.5% after 1 day of culture
and did not increase significantly over a 10 day culture period.Previous studies have provided evidence that contact
Pontine tissue was dissected by removing the overlying meningeswith the postsynaptic target can induce changes in the
and excising from the base of the brainstem the superficial swellingsexpression of specific genes in the presynaptic cell
on the rostral portion of the pons, representing the basilar pons.(Plunkett et al., 1998; Schacher et al., 1999). On a more
For each time point (P0, P2, P4-14, P16, P18, P19, P21), pontine
general level, our data indicate that signals derived from tissue was collected from three CD-1 littermates and pooled for
the target environment modulate programs of presynap- RNA purification. For the mutant analysis, pons were isolated from
two wild-type and two mutant littermates at each time point (P1,tic gene expression. We hypothesize that contact be-
P11, P21) and pooled for RNA isolation.tween appropriate pre- and postsynaptic partners trig-
gers gene expression changes in the presynaptic cell
RNA Amplification and Labelingand that the products of the upregulated genes might
Total RNA was isolated using Trizol reagent (Invitrogen) followed
lead to the stabilization of appropriate synaptic connec- by a clean up step using RNeasy spin columns (Qiagen). First and
tions during development. Strikingly, a significant frac- second strand cDNA was synthesized using standard conditions
(Gubler and Hoffman, 1983) and 100 ng T7(5) primer [5-ATCGATtion of the genes expressed in pontine nuclei that fail
TCGAACTTCTGATAGACTTCGAAATTAATACGACTCACTATAGGGto be upregulated in weaver and Lurcher mutant mice
AGACCACAT(21)-3]. Briefly, RNA and primer were heated at 70Chave a well-established function at synapses, such as
for 10 min and quick cooled on ice. First strand cDNA was synthe-SNAP25, munc13, and cpg15/neuritin. Cpg15/neuritin is
sized with SuperscriptII (Invitrogen) according to the manufacturer’s
particularly interesting, as it was previously shown to directions. Reactions were diluted 7.5-fold in second strand buffer
be regulated by synaptic activity and to affect axonal (Invitrogen). Second strand cDNA was synthesized using DNA ligase
(NEB), DNA polymerase I (NEB), and RNaseH (Invitrogen) for 4 hr atand dendritic arborization (Cantallops et al., 2000; Naeve
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Table 3. Microarray Hybridizations Used for Wild-Type versus
Mutant Comparisons
Cy5 Cy3 Cy5 Cy3
P1 WT Common reference P1 MT P1 WT
P1 MT Common reference P1 WT P11 WT
P11 WT Common reference P11 WT P21 WT
P11 MT Common reference P11 MT P1 MT
P21 WT Common reference P21 MT P11 MT
P21 WT Common reference P21 WT P21 MT
P21 MT Common reference P11 WT P11 MT
P21 MT Common reference P11 MT P11 WT
16C. The cDNA was extracted with phenol-chloroform, precipitated
with linear acrylamide (Ambion) as carrier, and used as template for
in vitro transcription with T7 RNA polymerase for 5 hr at 37C (Am-
bion T7 Megascript kit). The reaction was treated with DNaseI for
15 min at 37C, phenol-chloroform extracted, and precipitated. A
typical reaction with 5 g of total RNA starting material yields 100
g of amplified RNA (aRNA). For RNA from pons tissue (which is
especially limiting), we performed a second round of amplification
(D. Lin, P. Luu, T.S., and J.N., unpublished data). The first round (1X)
aRNA was poly-A tailed directly with poly-A polymerase (Amersham)
Figure 9. Linear Model and Experimental Design Matrix for Wild-according to the manufacturer’s directions, phenol-chloroform ex-
Type versus Mutant Comparisonstracted, and precipitated. The tailed RNA was then used as starting
material for cDNA synthesis as described above with 1 g T7(5)
primer. 20% of the cDNA was used as template for in vitro transcrip-
tion with T7 RNA polymerase as above. A typical reaction with 50 malization” method followed by multiple-slide scale normalization
ng of total RNA starting material yields 100 g of 2X aRNA. 5 g allowing comparison of different experiments (Yang et al., 2002b;
of 1X aRNA or 10 g of 2X aRNA was used per labeling reac- Yang et al., 2001). We used an “MA-plot” to represent the (R, G)
tion according to standard protocols (http://www.microarray.org). data, where M  log2 R/G and A  log2 √R · G (Dudoit et al., 2001),
Briefly, fluorescent cDNA was synthesized by aminoallyl-dUTP where R and G are the background subtracted values from the Cy5
(Sigma) incorporation during first strand synthesis using 6 g of and the Cy3 channels, respectively. MA-plots are helpful in detecting
random hexamers (Invitrogen) followed by buffer exchange with differentially expressed genes while adjusting for intensity-depen-
microcon-30 filtration units (Amicon). cDNA was diluted to 50 mM dent patterns in the log-ratios. For more information, see http://
Na bicarbonate, pH 9.3, cross-linked to Mono-reactive Cy dyes www.stat.berkeley.edu/users/terry/zarray/Html/index.html.
(Amersham) for 1.5 hr at 37C, and purified using Qiaquick columns Gene Selection
(Qiagen). Labeled cDNA was dried under vacuum. We used two methods for selecting genes: (1) the sample variance
of each gene was used to filter out genes whose variance is smaller
Microarray Hybridization than a given threshold, which is determined empirically for the differ-
Microarrays were constructed with the Riken 19K set of mouse ent datasets (for example, 0.7 for the cerebellum data); (2) the 
cDNA clones (Miki et al., 2001) according to published protocols statistic of each gene (see below for the details of computation of
([Eisen and Brown, 1999] http://www.microarray.org). Labeled  statistic), which measures the strength of how differently a gene
cDNAs were resuspended in 3X SSC, 50% formamide, 1% SDS, 25 behaves in the wild-type compared to the mutant mouse line, was
mM Hepes (pH 7.5). Probes were boiled for 2 min, cooled by spinning used to select genes above a certain threshold. In the second ap-
at RT, and applied to the microarrays under LifterSlip coverslips proach, we also select genes that change in expression during the
(Erie Scientific). Hybridizations using 1X aRNA also contained 10 time series. Thus, we have a set of genes that change in expression
g mouse COT-1 DNA (Invitrogen) and 10 g polyA; hybridizations over time, and a subset have a strong behavior difference between
with 2X aRNA contained 10-fold less competitive reagents. Microar- wild-type and mutant mouse lines.
rays were incubated in a sealed humidified chamber at 50C for 16 Hierarchical Clustering
hr in the dark. Coverslips were floated off, and microarrays were Genes were clustered based on their expression pattern in the cere-
washed in 0.6X SSC, 0.03% SDS for 10 min at 50C, then 8 min at bellum (weight  1.0), purified granule cells (weight  0.5), and
RT, 0.6X SSC for 6 min at RT, 0.06X SSC for 4 min at RT, rinsed in cultured granule cells (weight  0.75) time course experiments. For
95% ethanol, spun dry and scanned with an Axon 4000A scanner. pons and mutant experiments, all data were weighted equally. The
For the time course experiments (cerebellum, purified and cultured distance between any two expression patterns is determined by the
granule cells, and pons), each RNA sample (labeled with Cy5) was weighted average distance (the weights are given above). Using this
compared to a pool of all samples (labeled with Cy3) from the re- distance, we perform hierarchical clustering, and set an arbitrary
spective time course (a total of 33 hybridizations). For the mutant threshold to cut the dendrogram to define the different clusters.
analysis, Table 3 outlines the hybridizations for each tissue (cerebel- Considering all maximal disjoint clusters with correlation greater
lum and pons) and each mutant (weaver and Lurcher) included in than 0.87 provides 13 groups for the cerebellum data or 15 groups
this study (a total of 64 hybridizations), where the common reference for the pons dataset. To further understand the relationship between
is a pool of all samples from the respective tissue and mouse strain these groups, we carried out a second hierarchical clustering step
(WT, wild-type; MT, mutant). using the average profile of each group. Genes are ranked within
each cluster by its  statistic.
Regression Analysis for Mutant Mouse LinesData Analysis
Image Analysis We analyzed gene expression at three time points (P1, P11, P21)
for mutant and wild-type littermates. Data include comparisons be-All analysis was performed in the software package R (Ihaka and
Gentleman, 1996). All images were processed by Spot (Yang et al., tween different samples (WT P1 versus WT P11, WT P11 versus MT
P11, etc., where WT  wild-type and MT  mutant) as well as2002a, 2002b), with foreground seeds set to 5 pixels square. Within
and between slide normalization was performed on all data. For comparisons between each sample and a common reference pool
of all time points (WT P1 versus c, etc., where c common referencewithin slide normalization, we used the “print-tip group scale nor-
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Table 4. PCR Primers Used to Isolate Sequences for In Situ Hybridizations
Riken ID Name Forward Primer Reverse Primer
ZX00027K01 EST, pax6-like CATCTCTTCTTCCTTCCCTCGG CCCTGCCTGTTCTGTTATCTTTTC
ZX00023L14 CD24a antigen CCAGCCACCACTGAATAAATCTG ACGGTAGAACCAAGCCCCTTTC
ZA00001O07 Pr22 TTGCGAGAGAAGGACAAGCACG TGCCCGAGTGGAAAAGATGC
ZX00001K12 EST, PR-like AGTTCCCTTGACTGTCCTTCTCTTC CCTCGTTCCAAAGTGTCCAACC
ZX00029A19 Ribos S6 kinase AACGGACTCCTCATGACACC CAGGTCTTGGTGGGACAACT
ZX00011C01 SCG10 TGCCCTTTTCATTCCAACCG TCAGCCTTTCGCTTCTACCCTG
ZX00031P07 HN1 TCGCCTGGAACACAGAGAAGTAAC ACAGACAGAAGGAAAGGGAAGAGAGG
pool). We fit the linear model Y  X   , where Y is a vector of References
log-ratios from the different slides, X is the design matrix,  is a
vector of parameters of interest (-c, 1, 2, 	, 1	, 2	), and  is Anderson, D.J., Groves, A., Lo, L., Ma, Q., Rao, M., Shah, N.M., and
Sommer, L. (1997). Cell lineage determination and the control ofthe error (Figure 9).
Shown in Figure 9 is the generic experimental design matrix where neuronal identity in the neural crest. Cold Spring Harb. Symp. Quant.
Biol. 62, 493–504.arrows indicate Cy3 → Cy5 (by convention, log ratios are Cy5/Cy3).
Four hybridizations are highlighted as m1, m2, m3, and m4. Thus, Araki, K., Meguro, H., Kushiya, E., Takayama, C., Inoue, Y., and
the log ratios can be described as follows: m1  	, m2  (-c)  Mishina, M. (1993). Selective expression of the glutamate receptor
	, m3  	  1	  2	, and m4  (-c)  1  2  	  1	  channel delta 2 subunit in cerebellar Purkinje cells. Biochem. Bio-
2	. These data are fitted to the linear model described above by phys. Res. Commun. 197, 1267–1276.
least squares procedure to estimate each of the vector parameters Arber, S., Ladle, D.R., Lin, J.H., Frank, E., and Jessell, T.M. (2000).
(-c, 1, 2, 	, 1	, 2	) for every gene on the array. For a more ETS gene Er81 controls the formation of functional connections
detailed explanation, see Yang and Speed (2002). The expression between group Ia sensory afferents and motor neurons. Cell 101,
profile (designated “adjusted fitted values” or “Adj FV”) can then be 485–498.
calculated by taking linear combination of the vector of parameter
Bach, I., Carriere, C., Ostendorff, H.P., Andersen, B., and Rosenfeld,estimates ˆ [e.g., WT P11  (-c)  1]. We then compute the 
M.G. (1997). A family of LIM domain-associated cofactors conferstatistic, which is the difference between the residual sum of squares
transcriptional synergism between LIM and Otx homeodomain pro-using the estimate ˆ and the residual sum of squares using the re-
teins. Genes Dev. 11, 1370–1380.estimated ˆ assuming 1	 and 2	 are zero. The  statistic may
Baird, D.H., Hatten, M.E., and Mason, C.A. (1992). Cerebellar targetnot have a chi2 distribution, but the larger the value of , the higher
neurons provide a stop signal for afferent neurite extension in vitro.likelihood that the interactions 1	 and 2	 are not zero.
J. Neurosci. 12, 619–634.
Baptista, C.A., Hatten, M.E., Blazeski, R., and Mason, C.A. (1994).In Situ Hybridization
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